Ferroelectric materials are of interest due to their applications, such as in ferroelectric field effect transistor memory (FeFET). For this application, reducing retention time according to the leakage current is an important matter. Ferroelectric materials are able to be improved through multilayer fabrication of ferroelectric films. This study investigated multilayer ferroelectric thin films using strong candidate ferroelectric materials such as Bi 3.25 La 0.75 Ti 3 O 12 (BLT) and Nd 2 Ti 2 O 7 (NT). The ferroelectric materials were prepared with a stable interface using broad stoichiometry, without occurrence of a secondary phase or a disruption in stoichiometry. For the characterization of BLT, NT, and BLT/NT multilayer ferroelectric films, various analyses and measurements were carried out, including X-ray diffraction, X-ray photoelectron spectroscopy, currentvoltage and polarizationvoltage. The multilayer ferroelectric films showed improved ferroelectric properties using multilayer fabrication with a highly insulating ferroelectric film.
Introduction
Ferroelectric thin films are of interest due to their applications in ferroelectric random access memory (FeRAM) and microelectromechanical systems (MEMS), among other applications. 1) , 2) Several studies have been conducted to produce ferroelectric thin films suitable for application as nonvolatile memory in FeFET; these properties include good polarization, low leakage current, and high fatigue resistance. A reduction in the retention time by adjusting the leakage current is an important matter in FeFET nonvolatile memory. For application in ferroelectric devices, many studies are advancing the reduction of leakage current in ferroelectric materials. The ferroelectric properties of these materials are able to be improved through substitution or multilayer fabrication of ferroelectric films. 3), 4) In this study, improvements in the ferroelectric properties, including a reduction in the leakage current, were studied through the fabrication of a multilayer ferroelectric film for ferroelectric devices.
The Aurivillius family, generally represented by M 2 In particular, BLT of the Aurivillius family has been intensively investigated as a material suitable for nonvolatile memory due to its relatively low phase formation temperature, large polarization, and good fatigue properties. 8), 9) The ferroelectric material Bi 4¹x La x Ti 3 O 12 (BLT) is a strong candidate material for FeFET nonvolatile memory due to its improved ferroelectric properties by elemental substitution. 7)9) However, BLT ferroelectric film does not have a low leakage current suitable for application in microelectronic devices.
Neodymium dititanate (NT) is a member of a small family of rare earth titanates Ln 2 Ti 2 O 7 (Ln = La, Ce, Pr, and Nd) with ferroelectric properties. 10) At room temperature, NT is monoclinic with a P2 1 space group and exhibits a layered structure formed by infinite layers of strongly distorted TiO 6 octahedra. 11) The NT has eight sites for Ti atoms, with TiO distances ranging from 182 to 223 pm, and Nd atoms are positioned in eight sites, all coordinated by 12 oxygen atoms with NdO distances in the range of 240385 pm. Furthermore, NT ferroelectric material is one of the candidate materials for MFIS-FET memory due to an extremely high Curie temperature T C > 1500°C, spontaneous polarization P S = 510¯C/cm 2 , and low permittivity ¾ = 3147. 12),13) However, a high phase formation temperature and a low remnant polarization are disadvantageous for application to FeFET memory.
Both BLT and NT ferroelectric materials have layered structures, and the materials are capable of reciprocal diffusion of cations such as Bi 3+ , La 3+ , and Nd 3+ at the BLT/NT interface. Therefore, a relatively stable interface can be expected during a phase formation of broad stoichiometry without occurrence of a secondary phase or a disruption in stoichiometry. This study fabricated multilayer ferroelectric thin films using these ferroelectrics in order to improve the properties of the ferroelectric layer in the device structure. Electrical and ferroelectric properties of the multilayer film were compared with those of individual BLT (Bi 4¹x La x Ti 3 O 12 ) or NT (Nd 2 Ti 2 O 7 ) ferroelectric layers. For the characterizations of BLT, NT, and BLT/NT multilayer ferroelectric films, various analyses and measurements were carried out, including X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), currentvoltage (IV), and polarizationvoltage (PE).
Experimental procedure
Ferroelectric films of BLT, NT, and BLT/NT multilayers were formed via chemical solution deposition onto a Pt(111)/Ti/SiO 2 / Si(100) substrate. Stock solutions of BLT and NT were prepared using the precursors listed in Table 1 . The stock solutions were spin-coated at 3000 rpm for 20 s onto a chemically cleaned Pt(111)/Ti/SiO 2 /Si(100) substrate to measure the electrical properties of the resulting films. During each coating, a film thickness of 40 nm was applied, and the total film thickness was controlled by the number of applied coats.
Spin-coated samples were dried for 2 min on a hotplate at 200°C and then at 400°C to decompose and remove the organics. The thicknesses of the films were 200 nm for the BLT and NT and NT (40 nm)/BLT (120 nm)/NT (40 nm). The thickness of each film was determined based on the electric field distribution of the permittivity differences. To crystallize the ferroelectrics, BLT, NT, and multilayer films were annealed at 700, 800, and 800°C, respectively, for 30 min in an O 2 atmosphere in a tube furnace using direct insertion. The direct insertion annealing was processed to minimize an interface diffusion of BLT/NT film. After annealing, the resulting 150-nm-thick Pt top electrode with a 100¯m radius was sputter-deposited to measure the electrical properties of the films.
The phase formations and crystallinities of the films were studied with XRD using Cu k ¡ radiation. We measured the PE characteristics with an RT66A. Currentvoltage characteristics were measured with an HP4145A at a holding time of 0.5 s and a delay time of 1 s. The composition depth profile of the multilayer structures was analyzed using XPS. Figure 1 shows the XRD spectra of (a) BLT, (b) NT, and (c) NT/BLT/NT films formed on the Pt(111) substrate. All films were well-crystallized without a secondary phase. The crystal orientation of the BLT film was not affected by Pt substrate, as shown in Fig. 1(a) . The NT film showed strong diffraction peaks as (014), (020), (212), and (203). In the case of the NT/BLT/NT multilayer film, diffraction peaks of both BLT and NT films were observed. The BLT film in the NT/BLT/NT multilayer film showed a decrease in the (00l) diffraction intensity and increases in the (111) and (117) diffraction intensities, as shown in Fig. 1(c) . The difference in BLT growth orientation of the multilayer film was caused by an increase in Nd 3+ cation substitution in the Bi 3+ A site due to diffusion at the BLT/NT interface. 14) , 15) Both the Aurivillius compound Bi 4 Ti 3 O 12 and the pseudo pyrochlore structure Nd 2 Ti 2 O 7 ferroelectric materials had similar layered structures. These materials include Bi 3+ , La 3+ , and Nd 3+ cations between distorted TiO octahedral structures, in which the cations are able to achieve reciprocal diffusion at the BLT/NT interface during the annealing process. The diffraction data revealed a small difference in the lattice parameters between the BLT film and the multilayer film. A decrease in the ab axes parameters from 5.465.40 to 5.405.37 ¡, and an increase in the c axis parameter from 32.74 to 32.88 ¡ were observed with the BLT in the multilayer film. Multilayer BLT showed a tendency to form tetragonal structures with reduced orthorhombicity due to an increase of Nd 3+ substitution through the interface diffusion. 15),16) Therefore, formation of a stable interface can be expected due to a possible broad stoichiometry in the multilayer structure without an occurrence of secondary phase, as shown in Fig. 1 . Therefore, this study analyzed the composition according to the depth of the NT (40 nm)/BLT (120 nm)/NT (40 nm) film in order to determine the interface diffusion state. Figure 2 presents the stoichiometry of the NT/BLT/NT multilayer film according to etching time(s) as determined by XPS. Bi 3+ cations were observed at the NT layer region of the multilayer film, while small diffusions of Nd 3+ and La 3+ cations were observed in the BLT and NT regions. Due to these diffusions of cations, the amount of Nd 3+ and La 3+ cations increased to six atomic percent in the BLT layer, corresponding to an increase in x to 1.15 in Bi 4¹x (Nd,La) x Ti 3 O 12 . This increase in substitution led to a decrease in the (00l) diffraction intensity and increases in the (111) and (117) diffraction intensities in the BLT of the multilayer film, as shown in Fig. 1(c) . Bi 3+ cation diffusion allows for not only the substitution of the Nd 3+ site between the TiO octahedral structures in the NT layer, but also the formation of a [Bi 2 O 2 ] 2+ inter-layer. However, phase transformation from NT to the Aurivillius phase was not observed in the XRD results. The stable interface with a broad stoichiometry plays an important role in the establishment of stable electrical properties. 17) In this study, the stable interface in a multilayer film was expected to contribute to stable ferroelectric properties. Figure 3 shows PE hysteresis loops of (a) BLT, (b) NT, and (c) NT/BLT/ NT ferroelectric films at an applied voltage of 10 V. The measured remnant polarization and coercive field values of BLT, NT, and NT/BLT/NT films were 7.5, 4, and 3¯C/cm 2 and 130, 300, and 170 kV/cm, respectively, showing that the remnant polarization and coercive field values of the NT/BLT/NT multilayer were 75 and 57%, respectively, of those of the NT layer. These values correspond to a decrease of 60% and an increase of 30% compared with those of the BLT layer. In spite of a decrease in the c-axis orientation in the low remnant polarization direction and increases in the (111) and (117) diffraction intensities at high remnant polarization, the measured remnant polarization of the multilayer film decreased. This decrease in remnant polarization originates from a reduced ferroelectric distortion represented by a low T c . 18) The substitution reduces stress in the structure: by the replacement of Bi 3+ by Nd 3+ , La 3+ would reduce the ion displacement of the A site in the perovskite layer and the remnant polarization decreases. 16) The value of E c decreased gradually by increasing the substitution contents. Sugita et al. 19) reported that T c and the crystallization temperature of BLT films decreased with increasing substitution contents. With increased substitution, since the phase transition temperature is reduced with increasing substitution contents, the residual stress decreases during cooling. However, the value of E c increased for the multilayer film from the high E c characteristic of NT ferroelectric.
Results and discussion
The currentvoltage characteristics of BLT, NT, and NT/BLT/ NT films are given in Fig. 4 . The NT/BLT/NT multilayer film showed a smaller gradient than did the NT single layer film in the Journal of the Ceramic Society of Japan 118 [11] 1017-1020 2010 Schottky conduction region of the currentvoltage curve. However, it shows a transition of the conduction mechanism from Schottky to PooleFrenkel at 6.2 V. In spite of a decrease in c-axis orientation at low leakage current, the multilayer film showed a low leakage current and a transition in the conduction mechanism from Schottky to PooleFrenkel at higher voltages. These results are due to an NT layer contact with an electrode and a more stable orbital hybridization between Nd 5d and O 2p levels, which induces a decrease in oxygen vacancy due to an increased substitution in the BLT film. The substitution of BLT with Nd induced a reduction in the permittivity and polarization of BLT, dependent upon the substitutional ratio; sometimes these reductions are smaller than those of NT. 16 ), 20) In our case the gradient of the currentvoltage curve of the multilayer film was smaller than that in the NT single layer film in the Schottky conduction region due to an electric field distribution resulting from the permittivity difference.
Conclusions
This study showed an improvement in the properties of ferroelectric film through multilayer fabrication between BLT and NT films. An improvement in the leakage current property was obtained to significantly reduce the retention property. A multilayer film of stable interface was fabricated using a possible phase formation at a broad stoichiometry region between BLT and NT ferroelectric materials, without formation of a secondary phase. The multilayer film did not show an enhancement in remnant polarization. On the contrary, the remnant polarization of the multilayer film deceased due to increases in La 3+ and Nd 3+ substitutions by reciprocal diffusion in the BLT layer. Even though the multilayer film did not show an improved PE property, it showed a highly insulating property. As a result, the multilayer ferroelectric films showed an advantage for improving the retention property due to reduced leakage current behavior. 
